To examine the influence of gestational age on seizures in the neonatal intensive care unit.
Seizures in the neonatal period are often the first sign of neurologic dysfunction and can be a powerful predictor of outcome. Neonates have the greatest predisposition to seizures of any age group, with the seizure incidence ranging from 1 to 5 per 1000 live births. [1] [2] [3] [4] [5] [6] [7] [8] [9] The distribution of seizures within the neonatal period, however, has not been clearly defined.
The influence of gestational age on the frequency, time of onset, and etiology of clinical neonatal seizures was examined.
MATERIALS AND METHODS
Infants admitted to the tertiary care neonatal intensive care unit at West Virginia University Children's Hospital, between January 1, 1986 and December 31, 1995 were studied. This neonatal unit is the regional tertiary referral center for a rural population (98% Caucasian) that remained stable for the duration of the study period. The medical records of each neonate admitted to the neonatal unit were abstracted daily onto a standardized data entry form by a neonatologist or neonatal nurse practitioner and entered into a comprehensive prospectively maintained neonatal database. A data supervisor ensured that the data abstraction sheets were filled on each infant and the data were entered at least three times a week. In instances where infants were transferred from the neonatal intensive care unit, the final disposition was tracked until the infant died or was discharged from hospital.
Postmenstrual age at birth was determined using the best obstetric estimate available (prenatal ultrasound, menstrual dates, positive pregnancy test) and corroborated by postnatal clinical assessment. Seizures were identified by direct clinical observation by the nursing staff or a clinician at the bedside. Only infants with seizures that required treatment with an antiepileptic medication were included. Time of initiation of antiepileptic medication was used to establish the time to the onset of seizure. For each infant the gestational age at seizure onset (postmenstrual age at birth plus time to the onset of seizure) was determined. The association between seizures and an underlying or coexisting neurologic disorder was studied for each gestational age. Neurologic disorders examined included intracranial hemorrhage (including intraventricular/periventricular hemorrhage and hemorrhage at other intracranial sites), hypoxic-ischemic encephalopathy, and central nervous system (CNS) infections and malformations. Infants with seizures during the neonatal period who are not typically admitted to a neonatal intensive care unit, such as infants with transient neonatal hypocalcemia or benign neonatal convulsions (familial or otherwise), were not included in this study.
The incidence of neonatal seizures by gestational age was examined for the entire intensive care unit cohort using logistic regression analysis. The relationship between the percentage of infants with
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seizures and gestational age was explored using linear and curvilinear regression methods. The relationship between each coexisting neurologic disorder and gestational age for infants with seizures was examined by two-sample t test.
RESULTS
Over the 10-year period, 356 (8.6%) neonates had seizures out of the total of 4165 neonates admitted to the neonatal intensive care unit. Gestational age-specific seizure rates are shown in Figure 1 . There was a parabolic relationship between seizure rate and gestational age at seizure onset, such that infants between 30 and 36 weeks had a 4.8% seizure rate compared with rates of 11.9% and 14.1% for infants Ͻ30 and Ͼ36 weeks, respectively ( p Ͻ 0.001).
A total of 183 (51%) of the neonates with seizures had a coexisting neurologic disorder. The mean gestational age for patients with seizures and a coexisting neurologic disorder was 35.3 weeks compared with 34.3 weeks for infants with seizures only ( p ϭ 0.06). Infants with seizures and a coexisting neurologic disorder were twice as likely to die during the neonatal intensive care stay as those with seizures alone ( p Ͻ 0.001). The overall mortality rate for infants with seizures was 19%. The mean gestational age for survivors and for those who died was similar at 34.6 and 34.8 weeks, respectively.
The frequency of coexistent neurologic disorders in the cohort with seizures is shown in Figure 2 . Intracranial hemorrhage occurred in 16% (57) of patients with seizures compared with 2.3% of patients without seizures. The greatest incidence of hemorrhage in patients with seizures occurred predominantly in early preterm infants ( p Ͻ 0.001). Hypoxic-ischemic encephalopathy occurred in 27% (95) of infants. Hypoxic-ischemic encephalopathy was three times more likely to be associated with seizures in infants close to term than in more premature infants ( p Ͻ 0.002). Congenital malformation of the CNS occurred in 9% (32) of infants and increased threefold as the infant approached term ( p Ͻ 0.02). CNS infections occurred in 9% (33) of infants and were just as likely to be associated with seizures in the premature as in the term infant. Gestational age distribution, between infants with seizures in isolation and those with a coexisting neurologic disorder, was found to be similar with the exception of infants Ͻ29 weeks, where the presence of intracranial hemorrhage contributed to almost all the difference. Time to onset of seizures varied with gestational age. Infants Ͻ30 weeks and those Ͼ36 weeks manifested seizures earlier (2.3 Ϯ 5.6 and 3.7 Ϯ 8.7 days of life, respectively) than infants between 30 and 36 weeks gestational age (10.4 Ϯ 14.5 days) (Figure 3 ).
CONCLUSIONS
Gestational age appears to exert considerable influence over the incidence and timing of neonatal seizures. To a degree, the parabolic relationship between gestational age and seizure rate appears to be mirrored by the overall frequency of underlying neurologic disorders (Figure 2 ). Not unexpectedly, intracranial hemorrhage and hypoxicischemic encephalopathy occurred most frequently at either extreme of gestational age. 10 These two factors were dominant contributors to the relationship, although the presence of CNS congenital malformations is also a factor, but to a lesser extent. Congenital malformations of the CNS were three times more likely to be associated with seizures in term than in very premature infants. The prevalence of CNS infections in infants with neonatal seizures did not vary significantly with gestational age.
Coexisting neurologic disorders, however, were not the only factor that defined the relationship between gestational age and seizures. Almost half of all neonates with seizures did not have an identifiable neurologic disorder. A comparison of the distribution of seizures by gestational age between infants with and without an associated neurologic disorder showed a similar age/frequency relationship. Furthermore, the time of seizure onset appeared to be inversely related to the gestational age/frequency curve; infants between 30 and 36 weeks manifested seizures on average three times later than infants of other gestational ages (Figure 3) . Prenatal, intrapartum, or early postpartum etiologies could have been responsible for the pattern of distribution of seizures; however, biologic differences that are age-dependent may also play a role. CNS maturation is determined by gestational age: a premature infant will exhibit neurologic reflex, electroencephalographic, 11 and dendritic maturation patterns comparable with those of a term infant only when that infant's conceptual age approaches 40 weeks.
12-15 Accordingly, the ability of an infant who has sustained neurologic insult to manifest seizures may vary with gestational age. Furthermore, the reliance on clinical observation to identify seizures would have excluded neonates who had electrographic seizures without clinical manifestations. A large prospective study would be helpful in identifying patients that may have been excluded or included by our reliance on clinical observation alone. Neonatal seizures are not uniformly distributed across gestational age. The earlier onset and higher incidence of seizures for extreme preterm and term infants may be the result of attendant neurologic disorders combined with the differential maturation of excitatory and inhibitory synaptic pathways in the developing nervous system. 
